Abstract
Introduction

49
Hepadnaviruses are a family of small hepatotropic DNA viruses, including the global by the viral envelope proteins and secreted extracellularly as virions, or they can deliver their RC 63 DNA content to the nucleus to be converted to more CCC DNA via an intracellular amplification 64 pathway (8-10).
7
To further ascertain the role of CTD in viral replication, without perturbing its sequence, 116 and the role that CTD-host interactions may play at different stages of viral replication, we took 117 an alternative approach to mutagenesis by overexpressing HCTD or DCTD, either wild type 118 (WT) or with A or E/D substitutions at the phosphorylation sites in cells replicating DHBV with 119 the WT core protein (Fig. 1) . We have recently shown that both HCTD and DCTD, when 120 expressed without the NTD, serve as appropriate substrates for phosphorylation by cellular 121 kinases in vivo and in vitro, mimicking the CTD in the context of full-length HBc or DHBc (26, 122 37). Furthermore, the isolated HCTD and DCTD can interact with host factors such as B23 and
123
I2PP2A in a phosphorylation-regulated manner, as in the context of the full-length proteins (37).
124
Thus, we reasoned that the isolated CTD might be able to affect viral replication, in trans, by HCTD-141, and the phosphorylation site mutants, S/T-to-A or S/T-to-E at the three SP sites
139
(S155, S162, and S170), are designated as HCTD-141-ATASASS, HCTD-141-ETESESS, 140 respectively (Fig. 1B) . These three GST-HCTD fusion protein expression constructs have been 141 described previously (37). In addition, HCTD-141-AAAAAAA and HCTD-141-EEEEEEE were 142 generated in this study with all seven potential phosphorylation sites (T160, S168, S176 and 143 S178 in addition to the aforementioned three sites) substituted by A or E (Fig. 1B) . The GST-
144
DCTD fusion protein expression constructs have also been described previously (37 
187
Purified core or PF DNA was analyzed by agarose gel electrophoresis and Southern 188 blotting, as previously described (43-45). Briefly, viral DNA was separated on a 1% agarose gel.
189
The gel was then subjected to denaturalization in a solution containing 0.5 M NaOH and 1.5 M
190
NaCl, followed by neutralization in a buffer containing 1.5 M NaCl and 1 M Tris-HCl (pH 7.5).
191
The DNA was then transferred onto a positively charged nylon membrane (GE) and detected Lab software, version 4.1 (Bio-Rad).
207
GST pull-down assay. Three days post-transfection, GST fusion proteins and potentially bound 208 host proteins were purified from HEK293 cells and analyzed as described previously (37). 
250
We first examined if the expression pattern of DHBc was affected by the HCTD or 251 DCTD fusion proteins via SDS-PAGE and Western blotting. As reported previously (21, 50),
252
DHBc clearly exhibited heterogeneity in mobility on SDS-PAGE, with at least two main distinct 253 bands detected (top panels in Fig. 2A , 2C, and 2D), representing hyper-phosphorylated (Hyper-P,
254
top band) and hypo-phosphorylated DHBc (Hypo-P, bottom band), respectively (14, 21, 50).
255
Compared with the pattern of DHBc when GST was co-expressed, which showed more hyper- DCTD had little to no effect.
278
As will be described below, we noticed that DHBV CCC DNA formation could be 279 saturated when viral core DNA levels reached certain limit, which would lead to underestimation the effect on a particular step in the viral life cycle was always normalized to the preceding step.
293
As shown in Fig. 2 of assembled capsids to that of total DHBc protein or the level of packaged pgRNA to that of 305 assembled capsids, respectively. As shown in Fig. 3 , compared with the GST alone control 306 samples, co-expression of neither HCTD nor DCTD led to any significant changes in the level of 307 assembled capsids (top panels in Fig. 3A , 3B and 3E) after normalization to total DHBc protein 308 levels (Fig. 2) . Similarly, co-expression of none of the HCTD or DCTD variants had any major 309 effect (less than 2-fold at most) on the normalized levels of DHBV pgRNA packaging (bottom 310 panels in Fig. 3A, 3B and 3E ). Among the GST alone co-expression controls, the levels of capsid 311 assembly ( Fig. 3A lanes 1-5; Fig. 3E , lanes 1-7) were proportional to the total DHBc levels ( Fig. 
312
2A lanes 1-5; Fig. 2D, lanes 1-7) , and levels of pgRNA packaging proportional to those of capsid 313 assembly (Fig. 3A, lanes 1-5; Fig. 3E, lanes 1-7) . This indicated that DHBc capsid assembly and that HCTD and DCTD had little to no effect on DHBc assembly or pgRNA packaging.
316
Effect of HCTD and DCTD on DHBV DNA synthesis. To determine whether the co-expressed
317
GST-HCTD/DCTD would have any effect on DHBV DNA synthesis, the levels of DHBV core 318 DNA were analyzed by Southern blotting. Core DNA synthesis efficiency was estimated by 319 normalizing levels of total core DNA to RNA packaging levels. When HCTD141, HCTD141-320 ATASASS, HCTD141-ETESESS, and HCTD141-EEEEEEE were co-expressed, DHBV core
321
DNA synthesis was dramatically inhibited (7-to 12-fold reduction) (Fig. 4A , lanes 6-9, and 4C).
322
When the expression of these HCTD variants was increased by transfecting more expression 323 plasmids, as shown in Fig. 2C , they decreased DHBV core DNA in a dose-dependent manner;
324
At the highest amount of the HCTDs transfected, almost no core DNA was detectable (data not 325 shown). These were the same HCTD variants that also inhibited DHBc phosphorylation (Fig. 2) .
326
Notably, the one HCTD variant, HCTD141-AAAAAAA, which did not affect DHBc 327 phosphorylation (Fig. 2) , also had little effect on core DNA synthesis (Fig. 4A , lane 10; Fig. 4C ), 328 even when its expression was increased ( Fig. 4B and 4C ). The apparent increase in DHBV DNA 329 synthesis by HCTD141-AAAAAAA (Fig. 4B, lanes 2-4) , relative to the GST control, was 330 caused by the increase in DHBc protein expression (Fig. 2C, lanes 11-13) . On the other hand,
331
none of the DCTD variants had any major effect on DHBV core DNA synthesis, with only 332 DCTD196 (WT) showing a modest (2-fold) inhibitory effect ( Fig. 4E & 4F) , correlating with its 333 modest to no inhibition on DHBc phosphorylation (Fig. 2) . Among the GST alone co-expression 334 controls, the levels of core DNA (Fig. 4A lanes 1-5; Fig. 4E , lanes 1-7) were proportional to the 335 RNA packaging levels ( Fig. 3A lanes 1-5; Fig. 3E, lanes 1-7) , indicating that core DNA 336 synthesis did not reach saturation under these conditions. again with the exception of HCTD141-AAAAAAA, were able to preferentially reduce the levels 339 of mature RC DNA (i.e., plus strand DNA synthesis), beyond their inhibitory effects on total 340 core DNA synthesis (Fig. 4A & 4D) . When the mature RC DNA levels were normalized to those 341 of the SS DNA, co-expression of HCTD141, HCTD141-ATASASS, HCTD141-ETESESS, and 342 HCTD141-EEEEEEE led to a further 4-to 5-fold reduction of RC DNA (Fig. 4A , lane 6-9; Fig.   343 4D). Again, the one HCTD variant, HCTD141-AAAAAAA, which had little effect on total core 344 DNA synthesis, also had no effect on RC DNA either (Fig. 4A , lane 10; Fig. 4D ).
345
HCTD and DCTD strongly reduced the DHBV CCC DNA levels. Next, we examined increased to certain levels (as will be described below in Fig. 6 ). Thus, the normalized levels of (Fig. 5) .
366
Relative efficiency of CCC DNA formation was decreased when RC DNA was increased. As increased, while the average copy number per cell of CCC DNA was estimated to be from 2 to 377 443 ( Fig. 6C and 6F ). Before the total RC DNA synthesized (estimated by adding the core RC
378
DNA and CCC DNA that was derived from the core RC DNA) reached ca. 60 copies per cell, 379 the copy number of CCC DNA per cell increased proportionally with the increase in core RC 380 DNA ( Fig. 6A-C) . However, once the total RC DNA reached above ca. 70 copies per cell, the 381 increase in CCC DNA no longer kept pace with the RC DNA increase (Fig. 6D-F) . Nevertheless, it was notable that HEK293 cells were able to make over 400 copies of CCC DNA per cell ( capacities to CDK2 than HCTD141-AAAAAAA and all the DCTD fusion proteins (Fig. 7B) . In 397 contrast, none of the HCTD variants, except HCTD141-ATASASS, showed specific binding to 398 importin α, but all DCTD fusion proteins could bind importin α specifically (Fig. 7C ). These 399 results suggested that HCTD and DCTD variants could interact with the host CDK2 and importin 400 α, which was influenced by the sequence (HCTD vs. DCTD) and the phosphorylation state of 401 CTD (HCTD141-ATASASS, vs. all the other HCTD variants).
Discussion
403
In this study, we analyzed the effects of CTD of hepadnavirus core protein and the CTD- full-length DHBc for the host kinase (Fig. 8) . These results also support our previous findings indicating that CDK2 is a major cellular kinase responsible for DHBc phosphorylation in vivo 425 (26).
426
It remains to be understood why HCTD141-AAAAAAA had weaker CDK2 binding 427 capacity than all the other HCTD variants. It is possible that the S to A substitutions removed the 428 CTD phosphorylation sites, which were required for CDK2 binding to CTD. However, the fact does not play a major role in DHBV pgRNA packaging (18, (20) (21) (22) pathway. Indeed, we could show that the DCTDs could interact with importin α (Fig. 8) also be targeted by HCTDs (Fig. 8) .
493
The substitutions at the three major phosphorylation sites (S155, S162, and S170) or all seven 647 potential phosphorylation sites (T160, S168, S176 and S178 in addition to the aforementioned 
653
The WT GST-DCTD fusion protein, DCTD196, contains the linker region and the phosphor- 
